The recovery of injured or lost sensory neurons after trauma, disease or aging is a major 54 scientific challenge. Upon hearing loss or balance disorder, regeneration of mechanosensory 55 hair cells has been observed in fish, some amphibians and under special circumstances in 56 birds, but is absent in adult mammals. In aquatic vertebrates, hair cells are not only present in 57 the inner ear but also in neuromasts of the lateral line system. The zebrafish lateral line 58 neuromast has an almost unlimited capacity to regenerate hair cells. This remarkable ability 59
INTRODUCTION
neuromast is still unclear, as some reports using novel genetic tools and fate mapping suggest 148 that this organ comprises more than one supporting cell type ( these processes remain still poorly identified. We have previously described the expression of 154
Sox2 in neuromast supporting cells, which proliferate during regeneration, suggesting that 155 these cells are the source of new hair cells (Hernández et al., 2007) . However, the role of 156
Sox2 and other SoxB1 members in lateral line development and regeneration remains 157 unknown. 158 159
Here, using transgenic reporter lines combined with confocal imaging and 3D reconstruction, 160 we establish an architectural map of the neuromast in which sustentacular supporting, and 161 stem cells, represent two functionally and spatially different cell types within the neuromast. 162
The pool of progenitor cells that express Sox2 and Sox3 undergoes cell renewal and gives 163 rise to new cell types within regenerated neuromasts. In contrast, sustentacular supporting 164 cells neither proliferate nor originate new cell types. In addition, these cells surround hair cells 165 basally and laterally, suggesting a structural and functional role in the neuromast. By knock-166 down and loss-of function approaches, we show that sox2 and sox3 are important for the 167 development of the lateral line, both for the protoneuromast formation and timing of pro-168 neuromast deposition during migration of the primordium, and for the number of hair cells in 169 the neuromasts. Furthermore, we reveal that sox2 and sox3 allowing the cells proliferation in 170 the neuromast and would be required for hair cell regeneration. Our work provides novel 171 insights into the topological organization of highly regenerative peripheral sensory organs, 172
revealing details of the relationship of regenerating neurons with their niche. 173 174 175
MATERIALS AND METHODS 176 177
Zebrafish Maintenance 178
Zebrafish were maintained at 28.5°C on a 14 h light/10 h dark cycle. Fish were kept under 179 standard conditions as described by Westerfield, (Westerfield, 2007) . Embryos were raised in 180 E3 media (Westerfield, 2007 ) in a 28.5°C incubator. The following zebrafish strains were used: 181 AB strain wild-types (Zebrafish International Resource Center, Eugene, OR); 182
Tg(pou4f3:gap43-GFP)s356t, which expresses GFP under the control of the Brn3c promoter, in 183 the hair cell membrane (Xiao et al., 2005) ; Tg(Bglobin/SOX3_HEs8:GFP), which expresses 184 GFP in the Sustentacular Support Cells (SuSC) as we describe here, made from a 1kb highly 185 conserved noncoding element (HCNE) upstream of the human SOX3 gene (Navratilova et al., 186 2009; obtained from the lab of Dr. Thomas Becker); Tg(atoh1a:dTomato), which expresses 187 RFP in the posterior lateral line (pLL) unipotent hair cell-precursors (Kani et al., 2010, obtained 188 from the lab of Dr. Shin-ichi Higashijima); Tg(-8.0cldnb:lynEGFP)zf106, which express GFP in 189 the membrane of all cells of the lateral line system (Hass and Gilmour, 2006, obtained from 190 ZIRC); Et(krt4:EGFP)sqet20, which express GFP in the mantle cells of the lateral line (Parinov 191 et al., 2004, obtained from ZIRC); and the sox2 and sox3 mutant lines sox2x50, sox3x52 (Gou 192 et al., 2018a). For live imaging, embryos were anesthetized with Tricaine (3-amino benzoic 193 acid ethylester; Sigma), 4 mg/ml in E3 media and mounted in 0.5% low-melting agarose 194 (Sigma) in E3 media. 195 196 Copper sulfate treatment 197
To damage the different cell types present in the posterior lateral line of zebrafish, larvae were 198 incubated in different CuSO4 concentrations (Hernández et al., 2006 the pLL migratory primordium, in neuromasts and interneuromastic cells; a similar pattern was 283 found for Sox3 (Figure S1A-E). We then focused on identifying cells expressing Sox2 and 284
Sox3 within neuromasts, including sensory hair cells and accessory cells (defined as all non-285 sensory hair cells within neuromast). These proteins were rarely detected in mature hair cells 286
(<7% of co-localization, data not shown), as evidenced in Tg(brn3c:mGFP) transgenic larvae 287 (Figure S1D-D''). Accessory cells include supporting cells underlying and laterally 288 surrounding hair cells, and mantle cells located at the apical periphery of neuromasts, forming 289 a conical structure that covers the neuromast (Ghysen and Dambly-Chaudière, 2007). By 290 using the transgenic line Tg(HEs8:GFP), we found that supporting cells are composed of at 291 least two populations with different morphologies and location with respect to hair cells and 292 mantle cells (Navratilova et al., 2009 ). Fish harboring this transgene express GFP under the 293 control of a human SOX3 enhancer and we used GFP expression, combined with 294 morphological recognition and immunostaining against Sox2 or Sox3, to distinguish between 295 the two cell types; we note that we do not consider GFP expression to be a reporter of the 296 endogenous expression of zebrafish sox3 (Figure 1A-F) . We found high GFP expressing cells 297 (Hes8:GFPhi) in close contact and completely surrounding hair cells ( Figure 1C -D'' and Movie 298 S1 and S2) while only some of these cells expressed Sox2 and Sox3. In contrast, low GFP 299 expressing cells (Hes8:GFPlow) located basally and peripheral to hair cells consistently 300 expressed Sox2 and Sox3 ( Figure 1G -K'' and Figure S1F-H'' for Sox2, and S1H-I'' for Sox3). 301 We noticed that, within the basal cell layer of the neuromast, Sox2 and Sox3 expression was 302 detected in rounded cells located at the center and at the periphery, whereas at the apical 303 level they were localized only along the contour of the neuromast and not in the center, where 304 hair cells reside ( Figure S1B-B' ' and S1F-G'' for Sox2, Figures S1D-E'' and S1I-J'' for Sox3) 305
further suggesting that this could be a new population of accessory cells. It has been 306 previously proposed to name all supporting cells as Sustentacular Supporting Cells (SuSCs) 307
(Pinto-Texeira et al., 2015). However, we observed that supporting cells are a heterogenous 308 population, comprising cells with different morphology and localization with respect to hair 309 cells. Therefore, we made use of the name "Sustentacular" to refer only the supporting cells 310
showing a central location, a drop-like shape, and completely surrounding and holding hair 311 cells. 312 313
The Sox2+ and Sox3+ cells that are not SuSCs could be mantle cells. Therefore, to distinguish 314 them from known accessory cell populations, we performed Sox2 immunofluorescence in the 315
Tg(ET20:GFP) line (Parinov et al., 2004) to visualize mantle cells, and in the Tg(HEs8:GFP) 316 line to visualize SuSCs, and we quantified colocalization ( Figure 1G -K'''). We found that most 317 mantle cells co-localized with Sox2+ cells (76 ± 5 %; n=20), similar to SuSCs (76 ± 6 %; n=7). 318
That is, approximately 75 % of accessory cells co-expressed Sox2, both when they were 319 counted separately (Figure 1L,M) , and when they were counted together in the double 320 transgenic Tg(HEs8:GFP/ET20:GFP) ( Figure 1N ). However, 52 ± 3.9 % of cells expressing 321
Sox2 also expressed GFP, and almost half of the Sox2+ cells (48 %) do not correspond to any 322 of the known accessory cell types ( Figure 1O ). We thought that these Sox2+, rounded cells 323 located preferentially at the base of the neuromast, that are morphologically different from 324
SuSCs and mantle cells (FigS2), could be Neuromast Stem Cells (NmSCs, arrowheads in 325 Figure 1G -K''' and S2A-E''') and are potentially responsible for the regeneration of both, 326 accessory and sensory hair cells (see below). 327 328
In this regard, we wondered whether this cell population is mitotically active from the onset of 329 Sox2/Sox3 expression during primordium migration and in maturing neuromasts. When we 330 exposed 30 hpf embryos to a 2 h pulse of BrdU, a substantial number of cells within the 331 primordium had BrdU label co-localizing with Sox2 and Sox3 immunostaining ( we evaluated the self-renewal capacity of these cells in the neuromast. We exposed 3 dpf 336 larvae to 2 h pulses of BrdU and we evaluated BrdU labeling plus phospho-histone H3 337
immunostaining (mitosis specific marker; PH3) after 24, 48 and 72 h post pulse (chase, Figure  338 S3G). We found, in all chase periods analyzed, that most BrdU+ cells were also PH3+ ( Figure  339 S3H, red bars), indicating that the initial mitotic activity of Sox2/Sox3+ cells is maintained over 340 time, suggesting that these cells could be self-renewing. Even when we analyzed the 341 neuromasts of 3 dpf larvae exposed to 24 h BrdU pulses one week later, we found that more 342 than 40% of their cells were double labeled with both markers, BrdU and PH3 (Figure S3H , 343 blue bars). This result supports the notion that Sox2/Sox3+ cells self-renew, an important 344 characteristic of stem cells. 345 346
Next, we evaluated whether cells that incorporated BrdU in the migratory primordium are later 347 found within neuromasts. We determined the number and final position of Sox3 positive cells 348 that incorporated BrdU during primordium migration (30 hpf; 2 h BrdU pulse) after 48, 72 and 349 96 h post-pulse (hpp; Figure S4A ). Most BrdU+ cells were found in the periphery of the To evaluate if the Sox3+ cells could proliferate and maintain this capacity after damage, we 355
analyzed the behavior of the proliferative population in steady state and after a copper 356 damage. We performed a 2 h BrdU pulse followed by 1 h of 10 μM copper sulphate treatment 357
(to eliminate only hair cells) and evaluated BrdU incorporation and Sox3 expression at 24, 48 358 and 72 h post-pulse ( Figure S4F) . We observed a constant percentage of Sox3+ cells (roughly 359 30%) that proliferated and maintained the BrdU label after a damage-regeneration process at 360 each time-point ( Figure S4G) . These data show that there is a population of progenitors in 361 neuromasts, which in normal conditions proliferate, and that after damage, they self-renew 362 while contributing to the regeneration process. In this regard, Sox3-positive cells behave 363 similarly to the Sox2-positive cells and could label the same population of neuromast stem 364 cells (NmSCs). 365 366
Both SuSCs and unipotent hair cell-precursor cells originate from multipotent Sox2+ 367 progenitor cells. 368 Previous work has shown that the atoh1a gene is expressed in unipotent hair-cell progenitors, 369
UHCPs (Wibowo et al., 2011) , just before they give rise to two hair cells by symmetric cell 370 division (Video S3). Since Sox2+ cells self-renew and new hair cells regenerate from atoh1a 371 UHCP cells, we wondered whether other cell types within neuromasts (i.e., SuSCs and 372
UHCPs) could also regenerate from this pool of progenitors. To address this, we incubated 373
Tg(HEs8:GFP) and Tg(atoh1a:tdTomato) larvae with 10 μM CuSO4 for 2 h in order to ablate 374 all hair cells, UHCPs and SuSCs (Hernández et al., 2007) . Subsequently, we fixed larvae 24 375 and 48 h after CuSO4 treatment and we evaluated Sox2 protein co-expression with each 376 transgenic marker (Figure 2A) . While around 75% of HEs8 and atoh1a+ cells co-localize with 377
Sox2 under control conditions (Figure 1M and data not shown), after damage co-localization 378 of these markers increases to 100% (Figure 2B) . This result suggests that both new SuSC 379
(GFP+) and new UHCPs (tdTomato+) were regenerated from Sox2+ progenitor cells ( Figure  380 2C-D'' and 2E-F'', respectively). These results reinforce the hypothesis that Sox2-positive 381 cells give rise to different neuromast cell types after injury. 382 383
Since Sox2 colocalization with atoh1a:tdTomato+ cells was not seen in undamaged 384 neuromasts (data not shown), or did not completely colocalize with all the SuSCs (HEs8+ cells, 385
Figure S1F-G''), we hypothesized that regenerated cells, shown in Figure 2 , correspond to 386 cells that had recently differentiated from a Sox2+ progenitor. Further, we found that 12 h and 387 24 h after CuSO4-induced damage, 100% of the remaining HEs8:GFP cells that survived the 388 damage were also positive for Sox2 ( Figure 2B) . Therefore, we hypothesized that the 389 remaining HEs8:GFPlow cells left after damage were HEs8+ cells that normally reside in basal 390 and peripheral positions in the neuromast, express Sox2 or Sox3 (Figure S1F-J''), display a 391 rounded shape, and express low levels of GFP. These cells are clearly distinct from the 392 SuSCs, which exhibit high levels of GFP and that form a tight interaction with hair cells 393 surrounding them. Since the HEs8+/GFPlow cells left after neuromast damage could 394 recapitulate the behavior of Sox2+ progenitors in a regenerative context, we followed their 395 dynamics in time-lapse imaging experiments. For this, we analyzed 396
Tg(HEs8:GFP/atoh1a:tdTomato) double transgenic larvae after 2 h of 10 μM CuSO4 treatment 397 (this protocol eliminates hair cells, UHCPs and SuSCs while maintaining the HEs8+/GFPlow 398 cells, Figure 3A) . We recorded different cell transitions during neuromast regeneration. In the 399 series shown in Figure 3B , we detected the origin of two double-labeled cells from a 400 symmetrical division of a progenitor cell expressing both markers. In another sequence 401 (Figure 3C) , after a symmetrical division of double-labeled cells, one of them lost GFP 402 expression, divided again, and gave rise to two hair cell precursors (HEs8:GFP-403 /atoh1a:tdTomato+). Additionally, in one series (Figure 3D) , we found two HEs8:GFP+ cells 404
adopting the position of SuSCs, surrounding two atoh1a:tdTomato+ cells (left inset in Figure  405 3D). Altogether our data demonstrate the transition from multipotent Sox2+ progenitor cells to 406 sustentacular supporting cells and unipotent hair-cell progenitors that differentiate into hair 407 cells after mild damage. 408 409
Hair cells in the lateral line system continuously regenerate and induce overlapping of 410 normally consecutive steps during forced regeneration. 411
In order to further study Sox2+ cells and the regenerative capacity of neuromasts, we analyzed 412 whether hair cell regeneration after copper damage is inexhaustible, as was shown previously 413 in adult fish using Neomycin (Pinto-Texeira et al. 2015; Cruz et al. 2015 ). We exposed larvae 414
repeatedly to CuSO4 to induce injury followed by removal of the metal to allow hair cell 415 regeneration. When we incubated 3 dpf Tg(brn3c:mGFP) transgenic larvae with 10 μM of 416
CuSO4 for 1 h, all hair cells in the pLL were eliminated (Figure S5A,B) . As expected, during 417 the next 24 h, new hair cells emerged (Figure S5C) . When we exposed the same larvae to 418 three successive rounds of exposure to 10 μM CuSO4 for 1 h each, all neuromasts 419 regenerated their hair cells 24 h after each injury (Figure S5D-I) . We quantified the number of 420 regenerated GFP+ hair cells in the first five neuromasts of the pLL 48 h after each exposure, 421
when a stable number of regenerated hair cells are reached (Hernández et al., 2006 and data 422 not shown). The number of hair cells in 5 dpf non-treated larvae was similar to larvae exposed 423 to one round of damage plus regeneration. In the following rounds of regeneration, the number 424 of hair cells per neuromast decreased slightly after the second (73.2%, n=24) and third (71.2%, 425 n=24) rounds of regeneration (in comparison to untreated larvae, see Figure S5J ). This long-426 term hair cell regeneration assay demonstrates that lateral line neuromasts have a high 427 capability of repeatedly regenerating hair cells after copper damage. 428 429
In order to test the proliferative potential of progenitor cells and the fate of the new cells 430 produced in a context of repeated loss and regeneration of hair cells, we carried out pulse 431 chase experiments with BrdU (Figure 4A) . Again, we induced damage using a 1 h treatment 432
with 10 μM of CuSO4 to eliminate hair cells followed by a 24 h BrdU-pulse ( Figure 4A) . We 433 found that, immediately after BrdU pulse, about 60% of Sox2+ cells proliferate (Figure 4B and  434  F) . The proportion of Sox2+ cells that showed BrdU labeling increased when the larvae were 435 then exposed to cycles of hair cell damage and regeneration every 24 h (Figure 4C-F) . 436 Further, 100% of BrdU+ cells expressed Sox2 at these time points (Figure 4G) . This result 437
indicates that Sox2+ cells are self-renewing and that they maintain Sox2 expression without 438 losing the BrdU label, possibly due to a low rate of cell division. On the other hand, the 439 Sox2+/BrdU-cells that remained after the first CuSO4-induced damage but were not found in 440 later cycles of damage/regeneration may have undergone differentiation (without 441 proliferating), gradually diminishing in number (Figure 4F) . To support this notion, we found 442 that the proportion of regenerated hair cells (brn3c+) that came from BrdU+ progenitor cells 443 increased after each CuSO4 treatment (Figure 4H-L) . Strikingly, we also found that these new 444 hair cells also expressed Sox2, which could be the result of the rapid succession of damage 445 and regeneration cycles (Figure 4M-P) . This condition is usually not observed in a control, 446
undamaged, neuromast (Jiang et al., 2014) though it can be observed occasionally (Lush et  447 al., 2019 and less than 7% from our data). When we quantified the number of 448 brn3c:GFP+/Sox2+ cells in relation to the total number of brn3c+ hair cells, we found a 449 progressive increase, reaching almost 100% of co-labeling at 72 h post BrdU pulse (hpp) and 450 after three cycles of damage and regeneration (Figure 4Q ). Possibly these highly demanding 451
conditions for rapid hair cell regeneration generate a co-occurrence of both markers. These 452 results show that, when the pLL system is forced to regenerate continuously, Sox2+ cells are 453 able to differentiate and give rise to new hair cells, suggesting a high regenerative capacity 454 driven by NmSCs. Figure S1 ). In order to evaluate whether sox2 and/or sox3 460 are involved in pLL development, we examined homozygous null mutants for both genes also 461 carrying the brn3c:mGFP transgene (Gou et al. 2018a). Expression of the encoded reporter 462 protein allowed us to count hair cells in each neuromast at 3 dpf. In addition, we used DAPI 463 staining to label cell nuclei, facilitating the identification and position of neuromasts at 46 hpf. 464 We found no statistically significant difference in the number and distribution of pLL 465 neuromasts in sox3 single mutant larvae compared with siblings at 46 hpf (Figure 5 A,C) . 466 However, we found a significant decrease in the average number of neuromasts between both 467 sox2 single mutants and sox2/sox3 double mutants compared to control siblings; in both 468 cases, the neuromasts were accumulated towards the posterior half of the trunk and tail 469 (Figure 5 B,D,F) . When we compared the number of hair cells in mutant and WT neuromasts, 470
we found that sox2 mutants have less hair cells compared to control siblings (P<0.01; Figure  471 5 F,N). Further, sox2/sox3 double mutants showed a stronger reduction in the number of hair 472 cells (P<0.0001; Figure 5 F,N) . In addition, some of the sox2 single and sox2/sox3 double 473 mutants also show a short body axis and an upward curled tail, as we have previously shown 474 (Gou et al. 2018a ). These data indicate that both sox2 and sox3 genes are important for 475 protoneuromast formation and timing of pro-neuromast deposition during migration of the 476 primordium, as well as to reach the correct number of hair cells within neuromasts. 477 478
An additional tool to study gene function in the zebrafish embryo and larva is the use of gene 479 knock-down by morpholino injection. Thus, to complement the mutant analysis, we injected 1-480 cell WT and Tg(clndB:lynGFP) embryos with antisense morpholino oligonucleotides designed 481
to suppress the expression of sox2, sox3 or both genes (sox2MO, sox3MO and sox2/sox3MO, 482 respectively). We evaluated primordium migration, neuromast deposition and patterning, and 483 hair cell differentiation in morphant fish. At 46 hpf, sox2 and sox3 morphant larvae showed no 484 difference in neuromast number or position when compared to non-injected control embryos 485 (Figure S7A-B) . However, injection of the sox2/sox3MO affected neuromast positioning at 36 486 hpf (the most anterior pLL neuromasts were not present, see Figure S6B ), though the total 487 number of neuromasts remained unchanged. Thus, the correct number of proneuromasts 488
were deposited by the migratory primordium, but deposition was delayed in mutants compared 489 to control animals ( Figure S6C) . As was observed in the single and double mutants, sox2MO, 490
sox3MO and sox2/sox3MO double morphants displayed a reduction in the total number of hair 491 cells per neuromast at 3 dpf,; this difference was determined both by analyzing the phenotypes 492 in the transgenic Tg(brn3c:mGFP) background, as well as by DiAsp staining of functional hair 493 cells ( Figure S7I-R) . To complement our analysis of morphant animals, we carried out in situ 494 hybridization using riboprobes complementary to mRNAs expressed in different cell types of 495 neuromasts. Using probes against the hair cell markers atoh1a and deltaB, as well as notch3, 496 which is expressed in supporting cell precursors (Itoh and Chitnis, 2001; Sarrazin et al., 2006; 497 Matsuda and Chitnis, 2010), we confirmed the absence of neuromast deposition during the 498 first half of primordium migration in sox2/sox3 double knockdown fish (Figure S6D -G and 499 Figure S7C-H) . Additionally, double morphants showed no sign of protoneuromasts formation 500 within the early migratory primordium (Figure S6H-I) , had a significantly higher number of total 501 cells in the migrating primordium at 28, 34 and 40 hpf (compared with the total cells in control 502 larvae, see Figure S6J ), as well as a significantly higher number of TUNEL positive cells at 503 34 hpf (but not at 28 hpf), compared to control larvae (Figure S6K) . Therefore, our loss-of-504 function experiments show that sox2 and sox3 genes are essential for a proper development 505 of the pLL in zebrafish. 506 507
While the analysis of sox2 and sox3 mutants and morphants demonstrates an important role 508 for these genes in the development of the pLL neuromasts, it precludes the examination of 509 their role in regeneration. To specifically address the role of sox2 and sox3 in hair cell 510 regeneration, we decided to carry out loss-of-function experiments using neuromast 511 electroporation of rhodamine-conjugated antisense morpholinos directed against these genes. 512
For that, we used a morpholino specific to cxcr4 (which is not expressed in the deposited 513 neuromast; Ghysen and Dambly-Chaudière, 2007) as a control and we performed the 514 electroporations in Tg(clndB:lynGFP) and Tg(ET20:GFP) 3 dpf transgenic larvae. Then, we 515 electroporated control and sox2/sox3 antisense morpholinos into fish that had been previously 516 treated with a 2 h exposure to 10 μM CuSO4 in order to eliminate all hair cells and SuSCs 517 (Figure S8A) . When we compared the number of rhodamine+ cells (red) in neuromasts of 518 larvae immediately after treatment (0 h post copper, hpc) and at 30 hpc, we found that fish 519 electroporated with cxcr4MO (control) had an increase in labeled cells. Therefore, 520 electroporated hair cell precursors or progenitor cells divide after hair cell elimination and 521 contribute to neuromast regeneration (Figure S8B,C,I,J,H,Q) . On the other hand, 522 electroporation of sox2MO, sox3MO or sox2/sox3MO prevented these cells from undergoing 523 cell division (Figure S8D-H, K-Q) , a crucial step in the regeneration of hair cells from 524 progenitor cells (Wibowo et al., 2011) . Thus, in this context, our data shows that both sox2 525 and sox3 are required for the proliferation in the neuromast cells, an essential step to form 526 new hair cells after damage. 527 528 DISCUSSION 529 530
In this report, we show that cells present in the zebrafish lateral line neuromast are highly 531 heterogeneous, in terms of molecular markers, shape, position, and behavior after injury. We 532 also identify important functions for members of the SoxB family of transcription factors for 533 development and regeneration of the zebrafish lateral line. Our work adds to the growing body 534
of literature that has contributed to our understanding of the mechanisms of regeneration 535 present in this mechanosensory organ, which can vary depending on the nature and 536 magnitude of the injury. In the following paragraphs, we contextualize our findings with respect 537
to previous work and we discuss the implications for further extending this research. 538 539
Cell-specific markers distinguish different cell populations within lateral line 540 neuromasts and their participation in the regenerative process 541
Studies performed in the avian cochlea have convincingly shown that supporting cells are the 542 source of regenerated hair cells after their loss by chemical or physical injury (Corwin and  543 Cotanche, 1988; Ryals and Rubel, 1988) . Thus, characterization of supporting cells is 544 essential to understand the mechanisms of non-mammalian hair cell regeneration. Here, we 545 used the zebrafish Tg(HEs8:GFP) transgenic line to distinguish two types of supporting cell 546 within neuromasts: i) differentiated Sustentacular Supporting Cells (SuSCs), which are central, 547
beneath, and tightly associated with hair cells, or with committed unipotent hair cell-548 precursors, UHCPs, and ii) a population of cells that occupy a central and basal position within 549 the neuromast, displaying a rounded shape that is distinct from that of SuSCs, and expressing 550 the stem cell markers Sox2 and Sox3. Thus, the HEs8 regulatory element, directs GFP 551 expression to SuSCs, and to uncommitted progenitors, revealing the heterogeneity of the 552 supporting cells in terms of their ability to differentiate into SuSCs, or hair cells in fish. In 553 mammals, differentiated supporting cells are fate restricted in the cochlea and are completely 554 unable to replace lost hair cells, though in the vestibular system they can contribute to a limited 555 replacement of hair cells (Bucks et al., 2017) . In the avian vestibular system, hair cells can be 556
replaced -at a slow rate-by transdifferentiation of supporting cells in adulthood (Goodyear et 557 al., 1999) . In contrast, the fish ear and lateral line systems, which show robust and continuous 558 regeneration of hair cells, relies on SuSCs or mantle cells for slow replacement of hair cells 559 and on the availability of uncommitted multipotent stem-like cells for major reconstruction of 560 the neuromast architecture (Figure 6) . Importantly, all of our experiments were carried out 561 using a 1h or 2h exposure to 10 μM CuSO4, which causes death of hair cells and other cell 562 types, including UHCP and SuSCs. Thus, many cell types have to be replaced and we are 563 likely examining only one of the potential pathways for replacing hair cells in neuromasts. 564
In the present article we propose an architectural map of the cell types of the neuromast. In 565 order to compare our observations with published articles with a similar aim, we generated a 566 comparative table showing the different cell types, their position within the neuromast, and the 567 markers they express ( Table 1) . Following the new data obtained by us and other groups, it 568 seems necessary to reach a consensus of the cell type diversity present in the neuromasts of 569 the lateral line. 570
Sox2 and sox3 maintain a mitotically active population of neuromast stem cells 571
Using immunofluorescence, we observed the expression of Sox2 and Sox3 proteins in most 572 cells of the migratory primordium, interneuromastic cells, pre-and pro-neuromasts, and 573 neuromasts of the anterior and posterior lateral line systems, suggesting that both genes are 574 required for proper early lateral line development, as is the case in the zebrafish otic placode 575 (Gou et al, 2018a) . In mature neuromasts, some Sox2+ and Sox3+ cells were also proliferating, 576
indicating a low self-renewing process under steady state conditions. Our cell fate analysis of 577 these proliferative cells after a short (2 h) and a long (24 h) BrdU pulse assay showed that all 578 of the BrdU-labeled cells underwent a second division several days later, and almost half of 579 these cells underwent another division one week later, showing slow self-renewal behavior, 580 typical of stem cells. Also, under a damage-regeneration context, many Sox3+ progenitors 581 retained this behavior of a slow cell cycle, indicative of self-renewal and the preservation of a 582 stem cell niche. Recently, Lush et al. (2019) has shown by single-cell RNA-Seq that both Sox2 583
and Sox3 are expressed in almost the same population of neuromast cells. Therefore, we 584
propose the definition of Neuromast Stem Cells (NmSCs) as these multipotent progenitors 585 that reside within the base of the neuromast, morphologically different from sustentacular 586 supporting and mantle cells, and that express Sox2 and Sox3 (Figure 6) . Single-cell RNA-Seq analysis of neuromasts has shown that both Sox2 and Sox3 are 600 expressed in a few hair cells (Lush et al., 2019) . We found that, in steady state, less than 7% 601 of hair cells showed detectable levels of Sox2 protein (data not shown) while, during 602 regeneration, this percentage increased to 50% and reached 100% when larvae were 603 subjected to repeated rounds of injury. The latter finding likely reflects the overlap of 604 consecutive cell fate transitions during regeneration, given that all hair cells present after 605 repeated cycles of damage and regeneration are generated rapidly and directly from 606 neuromast progenitors that continuously express Sox2. In fact, when we analyzed the 607 expression of Sox2 within neuromast cells that incorporated BrdU after injury, almost all cells 608 that proliferated also expressed this marker. In addition, we found that Sox2+ cells that divided 609 during the BrdU pulse increased in proportion with consecutive rounds of damage- Table 1 ). With 622 more severe injury or after repetitive rounds of injury, these unipotent hair cell progenitors are 623 depleted and the organ must resort to the NmSCs, which can proliferate and regenerate all 624 the components of a functional neuromast (Figure 6B) . 625 626
Functional analysis of sox2/sox3 genes 627
It has been proposed that, in the zebrafish inner ear, sox2 is necessary for hair cell survival 628
and for the transdifferentiation of support cells into hair cells during regeneration (Millimaki et 629 al., 2010) . During development, loss-of-function analysis using sox2 and sox3 single mutants 630 and morpholinos showed no overt abnormalities in embryo morphology, similar to what was 631 found previously (Kamachi et al., 2008; Okuda et al., 2010) . However, simultaneous knock-632 out and knock-down of both genes showed major defects in the lateral line development, with 633 problems in protoneuromast formation, pro-neuromast deposition and hair cell number. Our 634 finding could reflect that, in zebrafish, sox2 and sox3 have redundant roles in lateral line 635 development as is the case for the establishment of normal otic and epibranchial tissues ( double morphants, we did not observe a reduction in the number of primordium cells, possibly 649 due to the accumulation of cells that were not deposited. We also detected a slight increase 650 in cell death and impaired protoneuromast formation within the migrating primordium, delayed 651 neuromast deposition and less hair cells within neuromasts. Altogether, our data suggest that 652 sox2 and sox3 genes could play more specific roles in neuromast cell determination, while 653 FGF signaling could play a role in primordium migration, and the frequency of pro-neuromast 654 deposition (Durdu et al., 2014) . A strong interaction could exist between the migration and 655 deposition process, with participation of FGF signaling, and the determination of the cell types 656 in the neuromast, where sox gene function becomes more relevant. 657 658
The relationship between Sox2 and cell proliferation has been widely shown in cancer cells 659 and adult neurogenesis, a role related with its expression into stem-like cells ( (all of them expressing sox2 and sox3) are found in a quiescent stage. However, after hair cell 662 ablation by copper injury, cell divisions increase substantially and more than 70% of these 663 proliferating cells also express sox2 and sox3 genes, some of them probably NmSCs. 664
Functional analysis using the electroporation of Morpholinos against these genes specifically 665
into injured neuromasts blocked cell division and confirmed the essential and active role that 666
sox2 and also sox3 have in the triggering of cell proliferation in a regeneration context. 667 668
In conclusion, the results described here reveal that sox2 and sox3 are essential for the 669 development of the zebrafish lateral line. We also generate a new classification that more 670
accurately describes the different cell populations that reside in the lateral line neuromast, 671
including the proposed SuSCs, with a strong ligation with the surrounding hair cells, and the 672 NmSCs, as well as a description of the events that take place during its two types of 673 regeneration (Figure 6) . These findings further demonstrate the potential of the zebrafish 674 performed after a first hair cell ablation at 3 dpf, followed by 3 successive hair cell ablations, 981 one immediately after BrdU and the other two 24 and 48 hours later. This protocol forced 982 neuromasts to be continuously regenerating causing an overlap between regeneration steps. 983
The 
